The low light-outcoupling efficiency of organic light emitting diodes (OLEDs) is limiting their performance.
Introduction
Nowadays we can find OLEDs in the market in large flat panel displays, in smartphones, tablets and other portable consumer electronics. On a research scale, white light OLEDs for lighting reach high efficiencies of up to 139 lm W À1 and are becoming commercially available. 1 OLEDs have a number of attractive features such as large area, low weight, thinness, flexibility and robustness. One way to reduce their production costs is to change the deposition technique from thermal evaporation under vacuum to solution processing in a high-throughput, roll-to-roll deposition process. Also the power efficiencies of OLEDs can be further improved. An unresolved issue for OLEDs is their light outcoupling efficiency. While the internal quantum efficiency of phosphorescent emitters is close to 100%, the light outcoupling efficiency is usually around 20%, drastically limiting the external quantum efficiency (EQE) of the devices. This is due to various losses inside OLEDs, such as waveguiding of the light in the substrate and OLED layers, and cathode quenching. 2 Various light extraction techniques have proven to be useful in improving the outcoupling efficiency in OLEDs such as external outcoupling foils, internal light extraction layers with a high refractive index and corrugated cathodes. 2 Recently the importance of the orientation of the transition dipole moment of the emitters in small-molecule materials has become apparent. By changing the orientation of the transition dipole moments of the emitting molecule from random to predominantly horizontal, in the plane direction, the light outcoupling efficiency can be improved. [3] [4] [5] Orientation of the transition dipole moment in the plane of the substrate can increase the light outcoupling efficiency of the OLED by 1.5 times compared to devices with randomly oriented emitters. 6 Moreover, changing the molecular orientation can also improve the charge carrier transport in the charge transport layers. 7 Most studies on molecular orientation have focused on alignment in vapour deposited films of small-molecule materials. 8 One of the factors influencing the orientation is the anisotropy in the molecular shape. It has been observed that molecules with a long, rod-like shape, planar oblate shape or long and winding shape tend to show optical anisotropy in the film. 9 properties that are almost isotropic. 8 Another factor that is reported to influence the orientation of the molecules is the formation of C-HÁ Á ÁN intermolecular hydrogen bonds. 11 The hydrogen bond formation can promote the in-plane alignment of the transition dipole moments.
Also the presence of permanent electrical dipole moments in molecules may influence the orientation of molecules in vapour deposited films. A correlation was found between the permanent dipole moment and the preferential horizontal orientation of the transition dipole moment in a study of seven different iridium complexes. 12 Emitters with a smaller permanent dipole moment were found to show a higher degree of horizontal orientation of the transition dipole moment. This correlation likely only holds for a series of molecules with a fixed mutual orientation of the transition dipole moment and the permanent dipole moment. In a recent study an alternative mechanism was proposed for iridium dyes in which the inherent asymmetry at the surface of the growing film, created by the acetylacetonate ligand of the iridium dye, promotes the alignment of the dopant. 13 So far studies on the orientation of transition the dipole moment in small-molecule materials for OLED applications have focused mainly on evaporated materials. For luminescent conjugated polymers preferential horizontal orientation in solution processed layers is known. [14] [15] [16] [17] High degrees of horizontal orientation have also been reported for a light-emitting heptafluorene oligomer in a solution processed host/guest system. 18 The preferential orientation of small emitter molecules for OLEDs has been studied by Yokoyama et al. For a number of small molecules they found that the degree of horizontal molecular orientation of small-molecule spin-coated films is inherently lower than that of the corresponding vacuum evaporated films. 19, 20 In this study we investigate whether the horizontal alignment of light emitting oligomeric guests in a small molecule host can be induced in layers deposited from solution by varying the aspect ratio of the oligomers. We studied a series of p-conjugated methyl end-capped p-phenylene vinylene oligomers (OPVn), in which the number of phenyl rings, n, varies from 2 to 7 ( Fig. 1) . The host matrix we use is 2,2 0 ,2 00 -benzene-1,3,5-triyltris(1-phenyl-1H-benzimidazole) (TPBi). In evaporated layers, TPBi molecules have been shown to be randomly oriented on the substrate. 8 
Experimental

Materials
The synthesis of the OPVn molecules has been described previously. 21 TPBi was obtained from Lumtec. The two components of the host/guest system were mixed in a 9 : 1 weight ratio and dissolved in chloroform, 1 w/v%. For OPV4, OPV6 and OPV7 also films with a host/guest weight ratio of 49 : 1 were prepared. The mixed solution of TPBi and OPVn was stirred at 40 1C overnight and cooled down before use. Solutions were filtered through a 0.22 mm PTFE filter and deposited by spin coating at a speed of 1200 rpm on quartz substrates. The layer thickness was around 40 nm for all layers, as measured by surface profilometry.
Angular dependent fluorescence
In order to analyse the orientation of the transition dipole moment of the emitters in solution processed layers, we measured the angular dependence of the p-polarised fluorescence intensity. The setup used ( Fig. 2 ) was previously described by Brütting et al. 22 The layers are excited with the focused light of a 365 nm LED, and the fluorescent light emitted through the quartz substrate, which is optically coupled to a quartz hemicylinder through matched refractive index oil, is p-polarised using a polarizer and collected using a spectrometer. The fluorescence is measured at different angles, from 01 to 801, in steps of 21. The measurements were performed in an inert N 2 atmosphere (H 2 O and O 2 o 1 ppm). The measurements were repeated on different samples to ensure reproducible and consistent results.
The optical constants (refractive index, n, and extinction coefficient k) of the pure host material ( Fig. S1 , ESI †) were determined experimentally by spectroscopic ellipsometry at various angles of incidence and transmission intensity measurements at 01 (perpendicular incidence). The data were analysed using Woollam CompleteEASE software (version 4.92). Ellipsometry on layers of the pure host did not reveal any indication for optical anisotropy and so the optical properties of the host were taken to be the same in all directions.
Absorption spectra were obtained from transmission measurements on the host/guest films on quartz substrates. For clarity the contribution of the host material to the absorption, peaking at 306 nm and a baseline were subtracted from the spectra.
The experimental angular dependencies of the p-polarised fluorescence intensities of the TPBi/OPVn layers were combined with the optical constants of pure TPBi and used as input for optical simulations using Setfos 4.0 (Fluxim AG, Switzerland). Setfos 4.0 solves the Maxwell equations for the set of stacked layers, with oriented dipole oscillators embedded in the host layer as sources of radiation representing the emitting molecules. 23 Both far field radiation and near field radiation patterns of the dipoles are simulated. In the modelling it is assumed that photoselection in the excitation of dipole emitters is absent and that every fluorescent molecule is excited with equal probability regardless of its orientation. This is a reasonable assumption because 365 nm excitation is at higher energy than the lowest energy, parallel polarized, S 0 -S 1 absorption band (except for OPV2) as can been in the optical absorption spectra of the OPVn molecules ( Fig. S2 , ESI †). Furthermore, the high concentrations of 2 and 10 wt% stimulate energy transfer and randomization among the orientation of excited OPVn molecules before they emit. By comparing to the experimental data the optical simulations allow quantifying the degree of orientation of the transition dipole moments.
Microscopy
The host/guest layers for transmission electron microscopy (TEM) were processed from chloroform solutions on top of a layer of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (Clevios PEDOT:PSS, Heraeus) on glass substrates. By immersing the layer stack in deionized water, the PEDOT:PSS layer is dissolved and the host/guest film floats on the surface. The host/guest layer is picked up onto 200 square mesh copper TEMgrids. TEM images were taken on a Tecnai G2 Sphera, operating at 200 kV, using a magnification of 5000Â and a defocus of À10 mm. Atomic force microscopy (AFM) was performed using a Veeco Dimension 3100 microscope in tapping mode with a scan rate of 1 Hz and ppp-NCHR-50 tips from Nanosensors, on the same layers as used in the fluorescence measurements.
Results and discussion
Transition dipole moment orientation and layer analysis All TPBi/OPVn host/guest layers studied showed bright fluorescence originating from the OPVn molecules. In Fig. 3 we show the absorption and fluorescence spectra of the TPBi/OPV4 (10 wt%) layer. The absorption with the maximum at 450 nm and fluorescence with the maximum at 550 nm correspond to the allowed optical transition between the ground state (S 0 ) and the lowest singlet excited state (S 1 ) of the OPV4 molecule. The transition dipole moment for the S 0 -S 1 transition is known to be predominantly oriented along the long axis of the molecule, along the system series of p-conjugated bonds. [24] [25] [26] Fig. 4 shows the angular dependence of the p-polarised fluorescence intensity of the TPBi/OPVn films. For each film, the intensity was recorded at the wavelength of maximum intensity and normalized to the intensity of the fluorescence in the direction of the surface normal of the film (01). For the films containing short oligomers (n r 5) we notice that the fluorescence intensity remains relatively constant for angles up to B401 and then rapidly increases. The fluorescence intensity shows a narrow peak at 431 and a broader maximum at around 531. The high normalised intensities (41) at high angles indicate a preferential vertical orientation of the transition dipole moments. A transition dipole moment oriented along the normal of the films would radiate waves with the propagation direction predominantly in the plane of the film. The intensity emitted in the direction along the surface normal is minimal for a vertical dipole. In contrast, for the OPV7 film we find that the fluorescence intensity at 531 is lower than at 01, indicating a preferred orientation of the transition dipole moments in the plane of the film. The minimum in p-polarised fluorescence intensity at 421 is related to the Brewster angle for internal reflection at the host/air interface where light can couple out effectively in the backward direction. Thus qualitative analysis of the intensity profiles shown in Fig. 4 indicates the preferential vertical orientation of the shorter oligomers and more horizontal orientation of the longer OPVn guest molecules in the solution processed films.
In order to quantify the orientation of the transition dipole moments we combine the measurements with optical simulation of the angular intensity profile of the p-polarized emission. In Fig. 5 we show simulated intensity profiles for different orientational distributions of transition dipole moments. For fully randomly oriented transition dipole moments with an isotropic distribution function, the relative intensity at 571 is 1.1. For the case where all transition dipoles are aligned perfectly in the plane of the film, the simulations predict a much lower relative intensity of the p-polarized fluorescence with a local maximum of 0.55 at 581. Fig. 5 also shows the experimental data for the films containing 10 wt% OPV7. The data points lie in between the simulated traces for random and horizontal orientation, indicating a partial alignment of the transition dipole moments in the horizontal direction.
Using optical simulations we calculated the p-polarized intensity profile originating from the fluorescence of the organic layer assuming a distribution of transition dipole moments oriented along the vertical and horizontal directions with adjustable weight coefficients (y v and y h ) to describe the prevalence of either of these orientations. For a fully random distribution of transition dipole moments, the coefficients for vertical and horizontal orientation are y v = 0.33 and y h = 0.66, respectively. Taking the experimental data for the TPBi/OPV7 (10 wt%) and varying the coefficients in the simulations we find that the experimental data are best described by y v = 0.2 and y h = 0.8, i.e. a combination of 20% vertically and 80% horizontally aligned transition dipole moments. We note that although we consider the fit acceptable for the purpose of determining y v , it is not perfect. In the small-angle region the simulations predict a lower intensity than that found experimentally, and the peak in the high-angle range is at slightly higher angles in the simulations than in the experiment. Slight variations in the thickness of the films in the simulations did not affect these deviations.
The angular dependence of the p-polarised fluorescence profiles of the layers was analysed for all OPVn compounds The comparison of the experimental and simulated angular dependence of the p-polarised fluorescence for the other OPVn/TPBi blends can be found in the ESI. † The fitting, obtained through the simulation software Setfos, is based on a chi-square minimization that takes all the measurement points into account between 08 and 801. A Levenberg-Marquardt algorithm is used to solve this non-linear problem. The simulated curves (see ESI †) do not give a perfect fit to the data (which are consistently somewhat overestimated at angles below 201 and between 508 and 608, and underestimated for complementary angles), but reproduce the salient features. The orientation coefficients y v obtained in this way are shown in Fig. 6 . In the layers containing the shortest emitters, with n = 2 to 5, there is a bias towards the vertical orientation of the fluorescent molecules (y v 4 0.33). The physical basis for this preferred vertical orientation is presently not known. We cannot exclude that the observed y v 4 0.33 is a consequence of the density of photon modes favouring radiative decay from vertically aligned dipoles in these dielectric microcavity structures. 27, 28 Layers containing 10 wt% of OPV6 or OPV7 show a predominance of horizontally oriented emitting transition dipole moments (y v o 0.33).
In order to understand why the longest emitters show a preferential horizontal orientation of the emitting transition dipole moments, the photophysical properties and the morphology of the layers containing OPV6 or OPV7 were studied in more detail. The absorption spectra of OPV6 and OPV7 shown in Fig. 7 reveal a maximum in intensity around a wavelength of 430 nm for both oligomers. When dissolved in 2-MeTHF, OPV6 and OPV7 show maximum absorption at wavelengths of 466 and 473 nm, respectively (Fig. S2, ESI †) . 29 The absorption maximum of OPV6 and OPV7 in the film is thus strongly blue shifted even in comparison with the absorption maximum of OPV4 in the film. Furthermore the absorption spectra of the films containing 10 wt% of these longer oligomers also show a shift of the onset of absorption to longer wavelengths in comparison with the solution data as shown in Fig. 7 . These spectroscopic features are characteristic of the formation of H-type aggregates for OPV6 and OPV7 in 10 wt% films with TPBi. 30 The presence of aggregates is further supported by fluorescence measurements. The spectra show a red shift of the emission band of the films in comparison to solution, which is consistent with H-type aggregation. 30 Aggregation can be suppressed by lowering the concentration of the oligomers in the solution used to prepare the films. Fig. 8 shows the fluorescence spectra of TPBi/OPV6 and TPBi/OPV7 blends prepared from solutions with a reduced weight content of the oligomers (2 wt% instead of 10 wt%). For the films with a lower loading we find that the maximum in the fluorescence spectra occurs at shorter wavelengths in comparison with the films of higher loading. This indicates that the aggregation has been suppressed.
For films with low loading, containing only 2 wt% of OPV4, OPV6 and OPV7, the angular dependent fluorescence intensity profiles were determined ( Fig. 9 ). For the shorter OPV4 oligomer there is practically no difference between the intensity profiles for high and low loading. Based on this result and the absorption spectra of the TPBi/OPVn films (ESI †) we conclude that for n r 5, the OPVn molecules show no appreciable aggregation at 10 wt% concentration in TPBi. For the longest oligomers, OPV7, we find significantly higher relative intensity at an angle of 538 for the film with low loading. This shows that the preference for the horizontal orientation of the OPV7 molecules in the layer is reduced at lower concentration. Analysis of the orientation factor using the simulation software gives y v = 0.34 at 2 wt% loading which indicates a more isotropic orientation in comparison with the data for 10% loading (y v = 0.2). For OPV6 we find a similar reduction of the tendency towards horizontal orientation upon lowering the oligomer content. Hence, for non-aggregated OPVn in TPBi the experiments (Fig. 6) show a small effect of the length of the oligomer on the preferential orientation of the transition dipole moment in the film.
Effect of aggregation on the orientation of the transition dipole moment
To further understand the reason why the layers with the longest OPVn molecules show a preferential horizontal orientation of transition dipole moments at high loading, we studied the morphology of the TPBi blend films containing OPV6 and OPV7 using AFM and TEM (Fig. 10) . The TPBi layer with OPV6 at low concentration (2 wt%) shows low surface roughness (the root mean square roughness R q = 0.49 nm for an area of 5 mm Â 5 mm), and the low and small scale contrast in TEM indicates a homogeneous distribution of the guest inside the host material. In the blends with higher emitter content (10 wt%), fibrillar structures several tens of nm in width and lengths typically in the range from 0.5 to a few mm can be observed by both AFM and TEM. Although the surface roughness is increased to R q = 3.41 nm. These fibrillar structures are attributed to aggregates of the OPV6 that formed during the deposition of the layer. For films containing 2 wt% and 10 wt% OPV7 the surface roughness is R q = 0.57 nm and R q = 6.10 nm, respectively. For the 10 wt% OPV7 film the fibrils have an increased length and width compared to films containing 10 wt% OPV6.
At higher concentration, the angular dependence of the p-polarised fluorescence of TPBi/OPV6 (10 wt%) and TPBi/OPV7 (10 wt%) shows a predominance of the horizontal orientation of the emitting transition dipole moments in the thin film. The spectroscopic characteristics of the fluorescence from these films indicate that the photons emitted originate from aggregated guest molecules. Fibrillar aggregates of the guest molecules with a high aspect ratio can be observed directly in these films using microscopy. We tentatively assume that the predominantly in-plane orientation of the fibrils in the mixed film is related to the high aspect ratio. The correlation between preferred horizontal transition dipole moment orientation and aggregation is further substantiated by studying films with low loading and suggests that the predominance of horizontal orientation of the transition dipole moments may be brought about indirectly by the orientation of the aggregates in the films. A complete explanation of the horizontal alignment by a preferred orientation of the aggregates then requires that the transition dipole moments responsible for the emission are oriented predominantly along the long axis of the aggregate. Alternatively, the aggregates could also have a tape-like structure with the transition dipoles oriented in the plane of the tape and the tapes orienting preferentially flat on the substrate. Currently the internal structure of the aggregates of OPV6 and OPV7 is not known in detail. 29 In these possible explanations, we have neglected any effects of photoselection of a preferred orientation of the emitting dipoles. In films of high loading, rapid Förster type energy transfer will occur, suppressing photoselection effects. For the films containing 10 wt% of OPV6 or OPV7, photoselection effects cannot be excluded, but are less likely to influence the results because of the high degree of in-plane orientation of the long aggregates. 31 
Conclusions
In summary, by studying the fluorescence properties of solution deposited thin films of a host/guest system and systematically varying the length of the guest molecules we find that the preferential horizontal orientation of the transition dipole moments for improved outcoupling efficiency in OLED systems may be realized by making use of the aggregation properties of the emitter molecules. We note that the fluorescence efficiency of the OPVn guest molecules is negatively affected by aggregation. As such these aggregated TPBi/OPVn films with horizontally aligned transition dipole moments are not particularly suited for OLED applications. Yet recent research on aggregation induced fluorescence and electroluminescence has shown that high luminescence quantum yields may be achieved in aggregating systems of chromophoric molecules which can result in the enhanced performance of OLEDs. [32] [33] [34] [35] In this respect it is of interest to combine chromophores that show aggregation induced emission and alignment of such aggregates to enhance the performance of solution-processed OLEDs.
